A simple-to-fabricate woven mesh, consisting of bonded laminates of two-dimensional plain-weave conductive screens is described. Geometric equations show that these porous matrices can be fabricated to have a wide range of porosity and a highly anisotropic thermal conductivity vector. A mathematical model of the thermal performance of such a mesh, deployed as a heat exchange surface, is developed. Apparatus to measure both the pressure drop and heat transfer coefficient are described. Measurements of pressure drop and overall heat transfer rate are reported and used with the performance model to develop correlation equations of mesh friction factor and Colburn j-factor as a function of coolant properties, mesh characteristics and flow rate through the mesh. A heat exchanger performance analysis delineates conditions where the screen-laminate technology offers superior performance. 
ABSTRACT
A simple-to-fabricate woven mesh, consisting of bonded laminates of two-dimensional plain-weave conductive screens is described. Geometric equations show that these porous matrices can be fabricated to have a wide range of porosity and a highly anisotropic thermal conductivity vector. A mathematical model of the thermal performance of such a mesh, deployed as a heat exchange surface, is developed. Apparatus to measure both the pressure drop and heat transfer coefficient are described. Measurements of pressure drop and overall heat transfer rate are reported and used with the performance model to develop correlation equations of mesh friction factor and Colburn j-factor as a function of coolant properties, mesh characteristics and flow rate through the mesh. A heat exchanger performance analysis delineates conditions where the screen-laminate technology offers superior performance. 
NOMENCLATURE

INTRODUCTION
Kays and London [1984] have pointed out that a most effective way to increase the performance of a heat exchanger is to increase its surface area to volume ratio, β. 7 Small-particle packed beds and foamed metals are 2 American Institute of Aeronautics and Astronautics 2 expanded materials having large values of surface area to volume ratio (β). Unfortunately, due to the tortuosity effect in conjunction with the high porosity (ε) of these materials, their effective thermal conductivity ( ke) is relatively small so that much of the gain in performance obtained by having a large surface area to volume ratio is lost by having a relatively small effective thermal conductivity. Typical values of effective thermal conductivity in spherical particle packed beds are 10% -15% of the particle thermal conductivity [Kaviany, 1995] . 5 Commercially available metal foam such as aluminum foam has an effective thermal conductivity that ranges from only 2% to 6% of the base metal value [Ashby et al, 2000] . 1 An anisotropic porous matrix having a large surface area to volume ratio and high effective thermal conductivity in a particular direction will result in a very effective heat exchange surface. Such a matrix can be fabricated by layering and bonding plain-weave screens to form a three-dimensional matrix. X u and Wirtz [2002] 15 have shown that plain-weave screen laminates can be configured to have a large surface area to volume ratio and high effective thermal conductivity in a particular direction, with effective thermal conductivities of anisotropic screen laminates approaching 78% of base material values. In addition, screen laminates are simple to manufacture and can be fabricated to have a wide range of porosity. They can be incorporated into the design of a flow-through module or cold plate heat exchanger, resulting in a compact, high-flux device with reasonable pressure drop characteristics.
Tong and London [1957] 11 reported measurements of friction factor and mesh heat transfer coefficient for inline plain weave laminates and staggered cross-rod matrices (no interweaving). They used a calorimetric method to measure the local heat transfer coefficient of one heated filament inside the array. Since other filaments upstream of the "measurement filament" were not heated, their correlations are expected to predict heat transfer coefficients that are higher than would be expected if all wire filaments of the array were heated. Miyabe et al. [1982] 9 report heat transfer coefficient correlations for plain-weave screen laminates that are in close agreement with those of Tong and London. However, they do not describe their measurement techniques. Armour and Cannon [1968] 2 report pressure drop correlations for plain-weave screens, but not laminations of screens. Xu and Wirtz [2002] 15 develop a model for the in-plane effective thermal conductivity of screen-laminates, and Koh and Fortini [1974] 8 report an empirical correlation for the cross-plane component.
Previous correlations for the wire-element heat transfer coefficient in screen laminates may predict overly high values, and there does not appear to be a pressure drop database for laminated systems. The objective of the present work is to document thermal/fluid characteristics of plain-weave screen laminates and to develop woven mesh heat exchanger technology with particular attention to single-fluid parallel plate heat exchangers. In this paper we present an analytical model for heat transfer in screen laminate systems. Laboratory experiments leading to mesh pressure drop and heat transfer correlations are described. A heat exchanger performance analysis is used to delineate operating regimes where the screenlaminate systems offer superior performance. Figure 1 shows two-dimensional plain-weave screens stacked together to form a screen laminate. Each screen has woven wires of diameter d y and d z , with axis parallel to the y-and z-axis, respectively. Wire spacing is designated by the mesh numbers, M y and M z . The laminate has thickness,
THEORETICAL BACKGROUND
Geometry of screen laminate
, where n is the number of screen layers of the lamination, and cf is the compression factor. cf accounts for interleaving of wire filaments of adjacent screens, and wire crimping at wire intersections. Successive screens can be arranged "inline" as shown in Figure 1 , or in " staggered" configuration, where alternate screen layers are offset in the y and z directions by 0.5 M -1 . Xu and Wirtz [2002] 15 show that the porosity ( ε), specific surface area ( β), and effective thermal conductivity of the laminate (ke y ) are given as 
. The quantity cf (1-ε) is called the reduced metal fraction. We note, in eq. (1) that the reduced metal fraction is solely a function of the wire diametermesh number product ( Md). Furthermore, Md→1 designates a "tightly" woven screen. In actuality, there is a physical limit on the magnitude of Md. For isotropic plain-weave screens where the thickness is
so that the porosity is limited such that 0 < cf (1-e) < 0.534. Compression factors, cf range in value from unity down to about 0.7, so the porosity of these structures can range from 100% down to approximately 47%. Figure 2 plots the in-plane to cross-plane ratio of effective thermal conductivity, ke y /ke x versus reduced metal fraction, cf (1-ε) for isotropic plane weave laminates. The cross-plane component is determined using an empirical correlation developed by Koh and Fortini [1973] . 8 The Figure demonstrates that the lamination can be structured to have highly anisotropic effective thermal conductivity with ke y /ke x approaching a maximum value of 6.2. Furthermore, the system can be structured to have a very large surface area. Eq. (2) has the specific surface area approaching 5256 m -1 at maximum metal fraction when cf =1 with a wire diameter of 0.406 mm (0.016"). This is compared with a typical offset strip-fin array as used in many highperformance exchanger applications, which has β(offset)= 2254 m -1 [Kays and Crawford, 1993] . 6 Heat Exchanger Implementation Figure 3 shows a woven mesh screen laminate implemented as a heat transfer surface in a parallel plate exchanger. The laminate, shown in edge-view in a channel having half-height H, and width, W acts as a porous wall of porosity ε and thickness t. The laminate is oriented so that the large component of effective thermal conductivity facilitates conduction away from the plates. A coolant approaches the screen-laminate structure at mass velocity G i and temperature T f,i . Heat (q) is conducted from the heated plates (at temperature T b ) into the screen mesh, and then by convection to the fluid flowing through the mesh. The sketch at the right of the figure shows the expected screen-laminate and exit-plane coolant temperature distribution, T s (y) and T f,o (y), respectively. The heat transfer rate is given by
where U is the effective conductance of the porous wall and (tW) is the base area. Heat exchange implementation of screen laminate and Schematic of test sections.
Thin Porous Wall Heat Transfer Model
The porous wall effective conductance, U can be related to the thermal and physical characteristics of the woven structure. The fluid flow path length through the porous wall is short and flow rates are relatively high, so local thermal equilibrium between the fluid and solid phases is probably not achieved; a two energy equation model is called for. Wirtz [1997] 14 assumes that the solid phase temperature is only a function of y, and the local heat flux between the fluid and solid phases is characterized by Newton's cooling law
where h is the mesh heat transfer coefficient. Eq. (5) couples the solid and fluid phase energy equations. Wirtz assumes that
. This unnecessary assumption leads to closure of the two energy equations. The following is an extension of the above-described model, which does not make this assumption.
Assume the solid phase temperature is a function of y only. An energy balance on a dy⋅ t slice of solid phase material, which balances the increase in internal energy of the fluid phase with the net conduction in the solid phase, leads to the following energy equation 
where
, with boundary condition
is the screen mesh Stanton number. Assume the porous wall has uniform porosity and thickness. Then, the fluid flowing through the porous wall will follow parallel streamlines ( y = constant) so that a parcel of fluid will be exposed to solid phase material at a fixed temperature. Further assume that h = constant. Then eq. (7) can be integrated across the porous wall 
Screen-Laminate Pressure Drop Correlation
We postulate that the pressure drop across the mesh, ∆P, is functionally related to fluid and flow properties as follows:
is the internal mass velocity. Then dimensional analysis gives 
Screen-Laminate Stanton Number Correlation
In a similar way, we postulate that the mesh heat transfer coefficient, h is functionally related to fluid and flow properties as follows:
where Pr is the Prandtl number of the coolant. In the following, we describe experiments to determine the specific form of eqs. (15) and (17).
EXPERIMENTAL CHARACTERIZATION OF SCREEN LAMINATES
Experiments are performed to measure the pressure drop and porous wall effective conductance. Then, the mesh Stanton number is determined from eq. (12).
Experimental Setup and Procedure
Pressure drop and heat transfer experiments are done in two different channel-flow apparatus. A schematic of the test section for each apparatus is shown in Figure 3 . The figure shows an edge view of a screen laminate, of thickness t, located in a parallel-plate channel, which is approximately 18 mm high x 100 mm wide. A fluid, at mass velocity (G i ) and temperature (T f,i ) passes through the test article.
In the case of the pressure drop experiments, the channel is of open-loop, induced-draft design. Laboratory a ir passes through a honeycomb flow straightener; the test article; a second flow straightener; a plenum chamber and suitably long pipe to a laminar flow element, which measures the volumetric flow rate; and, then to a variable speed exhauster. The pressure drop across the screen laminate (measured at four upstream/downstream wall-pressure port-pairs) is measured with an electronic manometer having ±4% accuracy. The laminar flow element has ±3% accuracy.
Heat transfer experiments are conducted in a closed loop chilled water-flow apparatus. The test rig consists of pump, flow sensor, flow recirculator, and data acquisition system. The flow mass velocity is measured by a turbine flow sensor, and a refrigerated recirculator/heat exchanger holds the inlet flow temperature constant at about 12°C. This results in experiments with the Prandtl number, Pr ≈ 9. Copperconstantan thermocouples measure the upstream fluid temperature and the base temperature of the screen laminate sample (four locations). The approach f low temperature is monitored at four locations across the channel span at mid-height about 2H upstream from the test article. The screen laminate sample is heated symmetrically with two guarded flat-plate heaters, which reduce heat losses. The heating rate is applied so that
. In this case we measure the overall conductance, U, and use eq. (12) to backcalculate the wire-element heat transfer coefficient, h. We estimate that temperature measurements are accurate to ±0.2°C, and q is measured to ±4%.
Screen Laminate Test Articles
Commercial grade copper screen (k s = 400 W/mK) is pre-coated with a solder bearing paste-flux (95% Sn/5% Pb, k s = 55-60W/mK). Screen layers are stacked in a fixture, and the assembly is re-flow soldered at 230°C. The flow rate was varied over the following ranges: 10 ≤ Re ≤ 3000 (friction factor), 30 ≤ Re ≤ 500 (heat transfer experiments).
A Monte Carlo error propagation simulation indicates the following 95%-confidence level tolerance on computed results: Re less than ±11%; f less than ± 13%; St less than ±18% [Park, 2001 ].
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RESULTS
Both pressure drop and heat transfer are measured for isotropic screen laminates. For each mesh sample, the data from the experiments performed in both test apparatus were plotted as shown in Fig. 7 and Fig. 8 . The friction factor and Stanton number correlations are found in the case of inline and staggered configuration respectively. Figure 7 summarizes pressure drop measurements for inline-stacked and staggered-stacked screen-laminates. The staggered-stacked screen-laminates friction factor is much higher than the friction factor of the inline configuration. The present data for the inline correlation is correlated with the following expression 
Pressure-drop correlations
The expression contains an inertial loss term and a viscous term. These results are compared with Tong and London's [1957] data. 11 The present screen laminates are bonded whereas those of Tong and London are not; bonding fillets at wire intersections probably gives rise to higher inertial losses at high Reynolds numbers. Eq. (18) reproduces the data that generated it with a standard error of ±20%. 
The data show that staggered stacking results in an approximate two-fold higher pressure loss than inline stacking at the same flow rate. Eq. (12) reproduces the data that generated it with a standard error of ±15%. Staggered stacked plain-weave screen.
Fig. 7
Friction factor of inline and staggered stacked screen laminates.
Heat transfer correlations
We are correlating data in terms of Colburn j-factor so that a direct comparison can be made with the data reported by Tong and London, who experimented with air ( Pr = 0.7). From the dimensional analysis it is evident that j-factor is functionally related to Re, ε, and d/t. We have chosen to correlate the data with a powerlaw. A regression analysis yielded the following results. 
The modified j -factor (J) correlation for the inline correlation is plotted as continuous line and compared with Tong and London's [1957] 11 correlation for air. Tong and London's data are adjusted to conform to the definition in the present case and then plotted as a dashed line. Comparing the present correlation with the Tong and London's data, the magnitude of the present data is smaller than the correlations of Tong and London at the higher Reynolds number. Otherwise, the results are in fairly close agreement. This implies that the present correlation is applicable to coolants with 0.7<Pr<9.0. Eq. (21) reproduces the data that generated it with a standard error of ±18%.
Also shown in the Fig. 8 is the correlation of data for staggered stacked laminates. At the same Reynolds number, the staggered configuration produces a lower modified j -factor than does the inline configuration. This is a somewhat surprising result. 
Eq. (23) reproduces the data that generated it with a standard error of ±10%.
DISCUSSION
Screen-laminates offer considerable design flexibility. Adjustment of wire diameters and wire pitch allows for control of the structure's porosity, heat transfer surface area to volume ratio, and effective thermal conductivity. However, the friction factors and Stanton numbers of the heat exchange matrix are comparable to those of other heat transfer surfaces. In the following, we describe a fixed outer geometry comparison [Webb, 1994] 13 of the performance of a screen-laminate exchange matrix with an exchange matrix consisting of an unconsolidated bed of spherical particles having the same mass (porosity) and face area. The particle bed is selected since both exchange matrices can then be treated as porous media, so that the thin-fin model (eqs. 5 -13) can be used to predict overall thermal performance. In this way, performance model selection will not influence the ranking of performance.
The theoretical porosity of a packed bed of unconsolidated spheres depends on the packing arrangement [Kaviany, 1995] . 5 It can range from ε = 0.26 for face centered cubic packing to ε = 0.476 for simple cubic. However, the porosity of a packed bed is difficult to control. A typical porosity for an unconsolidated bed is 0.4. Therefore the thermal performance of a plain-weave screen laminate having the same porosity ( ε = 0.4) is compared with the spherical bed system. This can be achieved with a screen-laminate system having Md=0.63 with cf=0.9. This will result in the two systems having the same mass and external dimensions. However, we note that this comparison is somewhat artificial in that Md=0.63 cannot be achieved with plain-weave. The details of the two systems are summarized in Table 1 .
We define the "heat duty ratio" as U(screenlaminate)/U(packed bed), and the pressure drop ratio is defined as ∆P(screen-laminate)/∆P(packed bed). Figure  9 plots the pressure drop ratio as a function of superficial m ass velocity of coolant comparing the screen laminate matrix to pack beds with sphere diameters of 0.68 mm, 0.98 mm and 1.14 mm. In every case, the screen laminate pressure drop is significantly lower than that of the packed bed. The screen laminate pressure drop ranges from approximately 4 -times smaller than the packed bed pressure drop down to approximately 7 -times less. The corresponding heat duty ratios are plotted in Fig. 10 . Figure 10 shows that the heat duty ratio decreases with increasing superficial mass velocity. It also decreases with decreasing sphere diameter. For the cases considered, the screen laminate provides superior heat transfer at lower superficial mass velocities and larger sphere diameters. The break-even sphere diameter increases with increasing superficial mass velocity.
We note that the screen-laminate wire diameter was selected arbitrarily. A smaller wire diameter would result in an increase in specific surface area (β), mesh heat transfer coefficient (h), and the friction factor (f). As a consequence, the number of transfer units, and hence the effectiveness of the heat exchange matrix would increase leading to an increase in the heat duty ratio at the expense of a proportional increase in pressure drop ratio.
CONCLUSIONS
Screen laminates can be constructed to have a wide range of porosity, heat transfer surface area and effective thermal conductivity. The in-plane effective thermal conductivity can be as much as 6.2 times greater than the cross-plane effective thermal conductivity. Screen-laminate matrices can be modeled as a porous media. Since the fluid flow path length through the porous wall is short and flow rates are relatively high, local thermal equilibrium between the fluid and solid phases is probably not achieved; so a two-energy equation model is called for. The present PEC analysis in pressure drop ratio.
